S
evere combined immunodeficiencies (SCID) consist of a group of rare human conditions characterized by a complete lack of T cell development. In Ϸ20% of SCID patients, there is a complete absence of both circulating B and T lymphocytes associated with a defect in the V(D)J recombination process (1) . Mutations in the recently described Artemis gene (2) are responsible for the development of a subgroup of these SCID patients, known as radiationsensitive (RS) SCID and SCIDA (3) , in which the B-T deficiency is accompanied by an increased sensitivity to ionizing radiation (IR) of both bone marrow cells and primary skin fibroblasts (4) . The function of the Artemis protein has been more precisely defined after the development of a murine knockout (KO) model of Artemis SCID (5). Artemis-deficient mice display a phenotype that closely resembles the clinical manifestations of the human disease, with both severe lymphocyte defects and increased IR sensitivity, definitively demonstrating the role of Artemis during DNA repair (6, 7) .
The prognosis for RS-SCID patients is poor, with lethality resulting typically within the first year of life. Currently, the only effective treatment consists of bone marrow transplantation (BMT), the success of which depends on the availability of a suitable matched donor (8) . Despite the recent serious adverse events associated with retroviral integration into chromosomal DNA (9, 10), gene therapy would still appear to represent an important alternative approach toward the treatment of SCID, because studies by others have unequivocally shown that gene therapy can lead to the complete reconstitution of immune function in SCID patients (11, 12) .
In this study, we sought to provide preclinical data in support of the treatment for RS-SCID by gene therapy. The results suggest that a gene therapy approach for RS-SCID is indeed feasible, despite the unique characteristics of the disease that may preclude the use of standard conditioning regimens for the transplantation of genetically modified cells.
Results

Establishment of a Preclinical Gene Therapy Model for Correction of
Artemis SCID. To evaluate the feasibility of a gene therapy for RS-SCID, we chose to make use of a murine KO model that recapitulates the essential features of the human disease (5). Because previous efforts by Li et al. (13) to correct the immunodeficiency in an independently generated Artemis KO strain of mice indicated the need for conditioning of the recipient to obtain significant reconstitution of the B cell compartment after the transplantation of WT congenic cells, we first sought to establish a standard syngeneic BMT model in which highly purified hematopoietic stem cells (HSCs) from the mutant mice were transduced in vitro by lentiviral vectors encoding the Artemis gene product and subsequently transplanted into mutant recipients. Although the sensitivity of Artemis KO fibroblasts to radiation had previously been documented (5, 6) , the sensitivity of KO animals to wholebody irradiation had not been addressed in those studies. Accordingly, preliminary experiments were performed to determine whether a suitable radiation dose to enable transplantation of transduced cells could be established. We found that, even at radiation doses considered sublethal for WT animals (i.e., 3, 2.5, or 2 Gy), all KO mice died between 4 and 12 weeks postirradiation (data not shown), suggestive of a nonhematopoietic toxicity. For this reason, we chose to evaluate two BMT models. First, we used Rag-1-deficient mice as the recipients for transplantation of transduced Artemis KO HSCs. Rag-deficient animals have been used previously as recipients for immune rescue studies (14, 15) . Although they lack T and B lymphocytes, Rag-1-deficient mice readily tolerate the lethal doses of irradiation necessary to achieve complete myeloablation (unpublished results). To explore a more clinical relevant model, we asked whether transduced Artemis KO HSCs could be effectively introduced into Artemis KO animals using a nonmyeloablative regimen for the conditioning of BMT recipients previously described by others (11, (16) (17) (18) .
For expression of the Artemis gene product, several lentiviral vectors were constructed in which different internal promoters [CMV, EF1␣, and phosphoglycerate kinase (PGK)] were used to drive expression of the transgene (Fig. 1A) , because we were interested in determining whether specific levels of Artemis expression or other less well understood characteristics of gene expression afforded by the different promoters might be important for efficient immune reconstitution. Previous studies with similar vectors indicated that the different promoters led to significantly different levels of reporter gene expression in bone marrow and peripheral blood (PB) in mice engrafted with transduced stem cells (19) .
For each of the constructed vectors, we were able to generate high-titer virus (Ͼ10e9͞ml after virus concentration) from the corresponding DNA constructs (data not shown). To assess the ability of the different vectors to drive Artemis expression, each of the viruses were used to infect human 293 cells and subsequently, extracts prepared from the transduced cells were subjected to Western blot analysis. As shown in Fig. 1B , cells transduced with each virus expressed an immunoreactive protein identical in size to that of authentic human Artemis.
To test the ability of the different viruses to correct the Artemis immunodeficiency in vivo, we made use of a transduction protocol previously developed in our laboratory. In this protocol, highly purified murine HSCs are transduced under conditions of minimal in vitro manipulation (19) . Those conditions for transduction͞ transplantation appear to maintain levels of stem cell activity comparable to fresh unmanipulated cells (19) and therefore may be particularly well suited for eventual clinical applications.
Correction of Artemis Deficiency in the Rag-1 KO Model. In a first series of experiments, purified HSCs derived from Artemis KO mice were transduced by either lenti-CMV-huArtemis, lenti-EF1␣-huArtemis, lenti-PGK-huArtemis, or lenti-GFP (negative control), and 2,000 transduced cells were transplanted into lethally irradiated Rag-1 KO recipients (n ϭ 4-6 per group). One group received HSCs purified from WT CD45.1 mice as positive control. As expected from our previous studies, the transduction protocol led to high levels of gene transfer, as evidenced by analysis of genomic DNA purified from the bone marrow cells of transplanted animals (Fig. 1C ). This transduction led as well to the expression of specific human Artemis mRNA, as detected by RT-PCR (Fig. 1D) . Interestingly, however, there was no apparent consistent correlation between RNA levels observed in total bone marrow and the choice of vector, in contrast to what was observed in our previous studies (ref. 19 ; also see Discussion). Cells from mice that had engrafted with HSCs transduced with a GFP virus using the same protocol exhibited high levels of GFP expression (70-85%) in PB throughout the duration of the study (data not shown) and, as expected, showed no expression of Artemis RNA (Fig. 1D) . Recovery of B lymphocytes in the PB of BMT recipients engrafted with genetically modified Artemis KO HSCs was measured every 4 weeks by using antibodies against surface B220 and IgM receptors. As shown in Fig. 2 A and B , expression of human Artemis resulted in the complete restoration of the B cell population in PB. In contrast to mice transplanted with cells transduced with GFP, which showed complete absence of mature B cells, rescued mice showed the presence of B220
ϩ IgM ϩ cells at levels almost indistinguishable from those observed in mice transplanted with WT HSCs. Interestingly, only Artemis expression driven by the PGK promoter was able to fully recover the deficiency. Complete B cell rescue was also observed in the spleens of mice receiving lenti-PGK transduced HSCs, which contained normal numbers of B220 ϩ IgM ϩ splenocytes (Fig. 2B ), together with a significant recovery of spleen size (Fig. 2C) . In addition, Artemis-expressing transduced HSCs gave rise to B cells capable of undergoing normal V(D)J rearrangements as evidenced by PCR using DNA extracted from splenocytes (Fig. 2D) . Accordingly, this immune correction led to the detection of normal levels of both IgM and IgG in serum ( Fig. 2 E and F) . Interestingly, mice receiving cells transduced with the CMV and EF1␣ constructs, while having reduced levels of IgG showed normal levels of IgM in serum, despite the relatively low levels of peripheral B cell rescue, a phenomenon that has been described (20) .
Lastly, we sought to determine the capacity of corrected B cells to undergo proliferation and switching upon cytokine activation. For this purpose, splenocytes isolated from transplanted mice were incubated in vitro in the presence of either LPS (to induce proliferation and switching to IgG3) or CD40-IL4 (to induce proliferation and switching to IgG1). Corrected cells were able to respond normally to stimulation, with robust proliferation, increase in size and class switching to the respective Ig type (Fig. 6A , which is published as supporting information on the PNAS web site).
To study the recovery of the T cell compartment, PB was analyzed for the presence of mature CD4 or CD8 single positive T cells. In contrast to control mice, animals receiving HSCs transduced with Artemis showed significant numbers of mature T lymphocytes in circulation (Fig. 3 A and B) . As with B cells, the PGK-driven construct showed the most robust T lymphocyte recovery, with numbers of CD4 ϩ and CD8
ϩ T cells that increased over the time course of the experiment. Although the kinetics of T cell recovery were somewhat slower in comparison to mice receiving WT cells, all mice that received PGK-Artemis-transduced cells eventually achieved normal numbers of mature CD4 ϩ T lymphocytes and Ϸ50% of the number of CD8 ϩ T cells by 16 weeks post-transplantation. In addition, thymuses of treated mice showed normal percentages of CD4 ϩ CD8 ϩ double-and single-positive thymocytes (Fig. 3B) , as well as recovery of the macroscopic size of the organ (data not shown). The presence of double positive and CD4 ϩ single-positive cells in thymus as well as low levels of CD4 ϩ cells in PB of GFP transduced͞transplanted mice relates to the ''leakiness'' in the T cell compartment of Artemis KO mice, as reported (5) . Finally, when purified splenocytes were stimulated in vitro in the presence of ConA and IL-2, they underwent proliferation, differentiating into mostly CD3 ϩ cells and expressing the activation marker CD69 (Fig. 6B ). These data demonstrate that the rescued mature T cells were fully functional.
Correction of Artemis Deficiency Using a Nonmyeloablative BMT
Model Involving Artemis KO Mice. Although the results obtained in the Rag-1 KO model clearly establish the ability of gene modification to correct the Artemis defect, an important objective of our studies was to establish the practical feasibility of correction of the disease in RS-SCID human patients. Based on our inability to develop a lethal-irradiation BMT model for correction of the disease, because of the extreme radiosensitivity of Artemis KO mice, we next asked whether nonmyeloablative conditioning regimens could be used to enable effective transplantation of genecorrected Artemis KO stem cells. To this purpose, we used a nonmyeloablative protocol that makes use of Busulfan, a reagent that has been extensively used as a conditioning agent not only in mice but also in human patients (11, (16) (17) (18) . In contrast to whole-body irradiation, Busulfan seems to specifically affect nondividing stem cells in bone marrow (21, 22) , and doses that are relatively non toxic are still possible while allowing for long-term engraftment of transplanted HSCs (23) . Indeed, all treated mice responded well to the dose used in these studies (2 ϫ 10 mg͞kg). Artemis KO mice were conditioned with Busulfan and then transplanted with 2,000 HSCs that were transduced with either the lenti-PGK vector (n ϭ 7) or a GFP lentiviral vector control (n ϭ 3). One group received 2,000 HSCs purified from WT CD45.1 donors (n ϭ 3) as a positive control. Similar to what we observed in the Rag-1 KO model, all mice receiving Artemis-transduced HSCs showed rescue of mature B and T lymphocytes in their circulation, in sharp contrast to mice transplanted with GFP-transduced cells. The rescue was detectable already at 4 weeks after BMT and steadily increased over time (Fig. 4 A and B) . This finding correlated well with the recovery in the absolute number of lymphocytes in blood (Fig. 4C) . Importantly, Artemis-transduced HSCs performed almost identically to HSCs purified from WT CD45.1 mice, confirming that the expression of human Artemis driven by the PGK promoter is capable of fully correcting the Artemis defects. The overall level of B cell recovery in mice receiving PGK-Artemistransduced HSCs as well as mice transplanted with CD45.1 HSCs did not reach WT values (Fig. 4A) . This finding contrasts the complete B cell rescue obtained in Rag-1 KO transplanted mice and could be attributed to the lower donor engraftment obtained with the dose of Busulfan used in these studies, compared with the engraftment observed in Rag-1-deficient transplanted mice undergoing whole-body irradiation (Fig. 7 , which is published as supporting information on the PNAS web site). The correction of both lymphoid populations was also evident in the spleen (Fig. 4B) , in which the level of mature B and T cells obtained after lentiviral gene transfer was almost identical from that of mice receiving WT CD45.1 cells.
To demonstrate that these lymphocytes were functionally normal, we performed an in vivo immune challenge against a T cell-dependent antigen, keyhole limpets hemocyanin (KLH). As shown in Fig. 5A , Artemis-corrected mice showed a specific IgM, and more importantly, a robust IgG anti-KLH response, similar to what was observed in the positive control mice. Furthermore, splenocytes purified from corrected mice were also stimulated in vitro as described above, with proliferation and expression of the activation marker CD69 when using T cell conditions (Con-A ϩ IL-2) or proliferation and switching when using B cell conditions (LPS or CD40 ϩ IL-4) (data not shown).
Finally, we sought to analyze bone marrow and thymus of treated mice to study the recovery of the progenitor populations. In untreated Artemis-deficient mice, B cell development is stalled at the IgM Ϫ B220 ϩ CD43 ϩ (pro-B) progenitor stage in Thymuses were stained by using antibodies against CD4 and CD8.
bone marrow (5) . Staining of bone marrow samples showed the rescue of the pre-B cell compartment (B220 ϩ CD43 Ϫ ), which was completely absent in mice receiving GFP-transduced HSCs (Fig.  5B) . Interestingly, the rescue of this pre-B cell population in Artemis-treated mice was not as efficient as observed in Rag-1 KO transplanted animals (Fig. 8 , which is published as supporting information on the PNAS web site; also see Discussion). In addition, thymuses extracted from rescued mice showed normal ratios of all thymocyte populations (Fig. 5C) , mirroring the profile observed in thymuses extracted from mice transplanted with WT CD45.1 HSCs.
Adverse Effects Associated with the Gene Transfer͞BMT Protocol.
During the course of the studies, 3 of 24 Rag-1 KO transplanted mice developed moist dermatitis as a result of lethal irradiation. In addition, one of the mice receiving lenti-PGK-transduced cells had an enlarged spleen (splenomegaly) that was discovered during tissue analysis. However, this finding was not accompanied by the appearance of abnormal blood cell counts or abnormal cell populations in bone marrow or thymus of the animal (data not shown). We did not observe any abnormalities in Artemis-transplanted mice.
Discussion
The studies reported here clearly demonstrate the ability to fully correct the immunodeficiency manifest in Artemis KO mice through the transduction of mutant cells by lentiviral vectors encoding the Artemis gene product. Our results therefore suggest that, like other forms of SCID, RS-SCID may be an appropriate candidate for treatment by gene therapy. In contrast to previous efforts to establish preclinical models for the treatment of other forms of SCID by gene therapy, which generally involved the use of standard BMT protocols, our studies were complicated by the extreme radiosensitivity of the Artemis KO mice, which precluded the conditioning of BMT recipients by lethal doses of irradiation. For this reason, we chose to establish both a BMT model in which corrected Artemis KO cells were transferred into Rag-1-deficient hosts and a true syngeneic model in which corrected cells were introduced into Artemis KO recipients conditioned by nonmyeloablative doses of Busulfan. Although in the case of this latter model, the conditioning regimen used did not result in complete donor-cell-derived reconstitution, effective correction of the functional immunological defects manifest in Artemis KO mice was readily observed. Because Busulfan has already been used as part of a conditioning regimen for RS-SCID patients undergoing BMT (24) , our studies provide an important proof of principle for the use of such nonmyeloablative regimens in future gene therapy protocols involving RS-SCID patients.
Before our studies, Li et al. (13) had described the generation of a distinct murine Artemis KO strain and evaluated the ability to correct the immunodeficiency manifest in this strain by transplantation of WT cells. An important finding from those studies was that, whereas transplantation of enriched stem cell populations into nonconditioned Artemis recipients led to a modest restoration of the T lymphoid cell compartment, little engraftment of the B lymphoid compartment could be achieved. Sublethal irradiation of recipients led to significantly improved T and B cell reconstitution. Our inability to define sublethal doses of irradation in our Artemis KO strain contrasts the studies of Li et al. (13) . Whether this apparent differential sensitivity to irradiation between the two KO strains is truly related to strain or mutation differences or simply to technical differences in the manner the BMT protocols were performed is unclear.
The findings of Li et al. (13) are consistent with clinical studies of RS-SCID patients transplanted in the absence of conditioning, which have shown that B cell reconstitution is most often poor (24, 25) . Recently, Liu et al. (26) have proposed that the extent of B cell reconstitution observed in both murine and clinical studies in which BMT is performed in the absence of conditioning likely depends upon whether the genetic lesion underlying the immunodeficiency results in a normal pro-B cell compartment. The incomplete restoration of the B cell compartment observed in our studies of Artemis recipients transplanted with WT or gene-modified mutant cells after Busulfan treatment therefore likely reflects the inability of our Busulfan regimen to completely ablate endogenous HSCs and͞or the pro-B cell compartment known to be present in Artemis mice.
An interesting vector-related finding from our studies was that, whereas each of the different vectors used resulted in the transduction of HSCs at a comparable (and high) efficiency, only the lentiviral vector that made use of the PGK promoter led to a complete correction of the immunodeficiency. The explanation for this result is not entirely clear, because our previous BMT studies, which made use of a reporter transgene, had suggested that the CMV promoter should lead to the highest levels of transgene expression relative to the other promoters used (ref. 19 and unpublished results). More detailed studies of Artemis expression levels in different cell types may shed light on this important issue. At a minimum, our studies with the different vectors underscore the importance of tailoring the expression characteristics of the vector system to the specific disease being treated, as well as the utility of a preclinical animal model for choosing an appropriate vector for eventual clinical studies.
Materials and Methods
Mice. Artemis-deficient mice were previously described (5). Rag-1-deficient and CD45.1 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All animals were housed in a specific-pathogen-free animal facility at Harvard Medical School. All animal procedures were approved by the Standing Committee on Animals of Harvard Medical School. Lentiviral Constructs and Viral Production. Human Artemis cDNA was amplified from existing cDNA sequences by using the following primers: forward 5Ј-ATGAGTTCTTTCGAGGG-GCAGATG-3Ј and reverse 5Ј-TTAGGTATCTAAGAGTGAG-CATTTTCTTTTTTTG-3Ј. The amplified product was cloned into the pHAGE lentiviral vector by using NotI and BamHI. pHAGE is a third-generation self-inactivating lentiviral vector whose detailed structure will be described elsewhere (A. B. Balazs and R.C.M., unpublished work). Production of lentiviruses were done in 293T cells as described (19) .
HSC Isolation, Viral Transduction, and Transplantations. Purification of HSCs, transduction, and BMT were performed as described (19) . Rag-1 KO recipient mice were lethally irradiated with two doses of 7 Gy, 3 h apart, 1 day before BMT and maintained under antibioticsupplemented water for 15 days. Artemis KO recipient mice received two doses of 10 mg͞kg of Busulfan (Busulfex; ESP Pharma, Edison, NJ) on day Ϫ3 and Ϫ2 before transplant (23, 27) and maintained under antibiotic-supplemented water. Transduced cells were injected retroorbitally into recipient mice under isoflurane anesthesia.
Flow Cytometry, in Vitro Proliferation Assays, and in Vivo Challenge.
PB was obtained from the retroorbital plexus every 4 weeks and stained by using fluorescently conjugated anti-IgM-PE and B220-APC antibodies to detect B lymphocytes and anti-CD8-PE and CD4-APC antibodies to detect T lymphocytes. Sixteen to 20 weeks after BMT, single-cell suspensions were prepared from spleen, thymus, and bone marrow of transplanted mice and stained by using the same antibodies as above. For bone marrow samples, anti-CD43-FITC was also used. All antibodies were purchased from BD Biosciences Pharmingen (San Diego, CA).
